Objective: Clarify the concept of vitamin D sufficiency, the relationship between efficacy and vitamin D status and the role of Vitamin D supplementation in the management of non-skeletal diseases. We outline reasons for anticipating different serum vitamin D levels are required for different diseases. Method: Review the literature for evidence of efficacy of supplementation and minimum effective 25-hydroxyvitamin D (25-OHD) levels in non-skeletal disease. Results: Evidence of efficacy of vitamin supplementation is graded according to levels of evidence. Minimum effective serum 25-OHD levels are lower for skeletal disease, e.g., rickets (25 nmol/L), osteoporosis and fractures (50 nmol/L), than for premature mortality (75 nmol/L) or non-skeletal diseases, e.g., depression (75 nmol/L), diabetes and cardiovascular disease (80 nmol/L), falls and respiratory infections (95 nmol/L) and cancer (100 nmol/L). Conclusions: Evidence for the efficacy of vitamin D supplementation at serum 25-OHD levels ranging from 25 to 100 nmol/L has been obtained from trials with vitamin D interventions that change vitamin D status by increasing serum 25-OHD to a level consistent with sufficiency for that disease. This evidence supports the hypothesis that just as vitamin D metabolism is tissue dependent, so the serum levels of 25-OHD signifying deficiency or sufficiency are disease dependent.
Introduction
Vitamin D supplementation is established in both the prevention and treatment of bone disease [1] but its role in other clinical situations remains contentious. This article examines the role of vitamin D in the management of non-skeletal disease.
The term "vitamin D" is a misnomer. It is a secosteroid pro-hormone synthesized in response to sunshine exposure and has autocrine, paracrine and endocrine modes of action [2] . Vitamin D receptors (VDRs) occupy 2776 genomic positions and modulate 229 genes [3] . The wide distribution of VDRs suggests a role for vitamin D in most physiological systems of the body, implying that deficiency may lead to physiological changes predisposing to chronic diseases. Vitamin D deficiency is a public health concern as it is pandemic [4] , affecting a third of the population, even in tropical and subtropical regions [5] [6] [7] [8] [9] [10] . There is considerable debate about terminology and serum 25-hydroxyvitamin D (25-OHD) levels [11] . A 25-OHD concentration for vitamin D deficiency is defined as <50 nmol/L and sufficiency as >75 nmol/L in this paper, although the concept of a single level for sufficiency is not universal, one example being acetylsalicylic acid that requires different serum levels for analgesia and anticoagulation.
There is substantial disagreement about what constitutes vitamin D sufficiency and the role of vitamin D in the management of non-skeletal disease, despite an exponential increase in vitamin D research and myriad of consensus statements and guidelines [12, 13] . Thus clinicians still lack clear information about efficacy of vitamin D and the relationship between supplement dose or vitamin D status and clinical response in non-skeletal disease.
Whilst the influential Institute of Medicine (IOM) report on calcium and vitamin D asserted that the role for vitamin D was exclusive to bone health, based on null studies relating to non-skeletal disease [1] , more than 12,000 vitamin D articles have been published since the IOM report [12] . This suggests it is timely to review the role of vitamin D in non-skeletal disease. Furthermore the view is gaining traction that these null studies relating to non-skeletal disease were due to methodological limitations of inadequate doses of vitamin D and inappropriate baseline levels of 25-OHD that led to inept conclusions about vitamin D efficacy [13, 14] . Studies and reviews with these limitations were identified using the approach advocated by Lappe and Heaney [15] . These include studies that did not measure baseline 25OHD levels [16] or used doses of vitamin D that were unlikely to achieve sufficiency [16, 17] or whose participants who were already vitamin D replete [18, 19] .
Tissue Dependence of Vitamin D
These design limitations have a profound effect on the results due to the pharmacokinetics of vitamin D. Unlike most vitamins and many nutrients, vitamin D activity is tissue-dependent. Different levels of 25-OHD have different therapeutic effects which vary according to the target tissue [2] . 25-OHD is not the active form of vitamin D and requires hydroxylation to the active form 1,25-dihydroxyvitamin D (1,25OH 2 D). This occurs either in the kidney, which accounts for circulating concentrations of 1,25OH 2 D, and locally in specific tissues through the action of the enzyme 25-hydroxyvitaminD 3 -1α-hydroxylase. However the levels of this enzyme vary between tissues, therefore the serum 25-OHD concentration required for the adequate synthesis of 1,25OH 2 D also varies between tissues [20] .
It follows that each physiological or therapeutic effect may require a specific minimum serum 25-OHD concentration. Good evidence already exists for differential levels in bone disease, with most evidence suggesting that serum 25-OHD concentrations of at least 20-25 nmol/L are required to prevent rickets, but that higher concentrations of 50-60 nmol/L are required to prevent osteoporosis and fractures [21] .
We explore the evidence for therapeutic levels in non-skeletal disease, and hypothesise that tissue dependence may be responsible for the limitations of some studies included in previous reviews.
Aims of This Paper
1. To examine trials and reviews of vitamin D supplementation in non-skeletal diseases. 2. To examine the minimum effective levels of 25-OHD that are associated with non-skeletal diseases. 3. To assess the level of evidence for the efficacy of vitamin D supplementation in non-skeletal disease.
Methods
This review focuses on studies with a primary endpoint of a non-skeletal disease using therapeutic doses that were shown to improve participants' vitamin D status. Studies were collected through Medline searches and by examining the publications of two US groups: the IOM [1] and the Vitamin D Council [12] .
The authors reviewed evidence for vitamin D in the management of non-skeletal diseases. Studies and reviews with significant limitations due to design flaws were identified, using the approach advocated by Lappe and Heaney [15] , which emphasises the value of RCTs, where baseline vitamin D status was known and where the supplemental dose of vitamin D administered could therefore be shown to have improved vitamin D status. However, excluding studies which did not satisfy all of these criteria was not always possible due to limitations of the current evidence base.
Consensus statements will be presented for:
1. The highest level of evidence for each non-skeletal disease, evaluated according to the Australian National Health and Medical Research Council levels of evidence (Table 1) [22]; 2. The minimum effective serum level of 25-OHD in non-skeletal disease. 
Findings
Premature mortality-There is Level I evidence that vitamin D supplementation reduces premature mortality. A Cochrane review of randomized controlled trials (RCTs) showed a 6% reduction in all-cause mortality [23] , with observational data from the NHANES and ESTHER studies suggesting a minimum 25-OHD concentration of 75 nmol/L for preventing premature mortality [24, 25] .
Cancer-There is Level II evidence from one RCT that vitamin D supplementation leads to a substantial reduction in overall risk of internal cancers [26] . The reported minimum 25-OHD concentration for cancer prevention is 100 nmol/L [27] whilst a review shows an inverse, non-linear relationship between 25-OHD levels and cancer risk [28] .
Muscle function and falls-There is Level I evidence from a meta-analysis that demonstrated a 26% reduction in falls with vitamin D supplementation [29] . Other meta-analyses [30] [31] [32] that included RCTs with design limitations reached a null conclusion [33] . The optimal 25-OHD concentration for lowest risk of falls is 95 nmol/L [34] .
There is Level II evidence for the efficacy of vitamin D supplementation in vitamin D deficiency for lower limb muscle strength [35] .
Cardiovascular disease-There is Level III-2 evidence that vitamin D protects against cardiovascular disease from three meta-analyses of cohort studies [36, 37] . One study of 300,000 person years demonstrated a 39% reduction in IHD in people with high 25-OHD concentrations in comparison with those with severe deficiency and a similar effect on incidence of ischaemic stroke [38] . In another study, Vitamin D supplementation conferred substantial survival benefit (OR for death 0.39 p < 0.0001) in cardiac patients [39] . These estimates are very similar to those proposed in an earlier systematic review and meta-analysis by Parker et al. [40] . The reported minimum 25-OHD concentration associated with lowest CVD risk is 80 nmol/L [41] .
Respiratory infections-There is Level II evidence that vitamin D supplementation reduces rates of respiratory infections including pneumonia [42] , influenza [43] and upper respiratory infections [44] . This is supported by epidemiological studies for tuberculosis [45, 46] and other respiratory infections [47] [48] [49] . The reported minimum 25OH-D concentration associated with a reduced incidence of viral respiratory infections is 95 nmol/L [50] .
Diabetes-There is Level II evidence from two randomized controlled trials that vitamin D supplementation improves insulin sensitivity and decreases insulin resistance [51, 52] . This is supported by three meta-analysis of cohort studies, which found low 25-OHD concentrations predicted increased risk of type 2 diabetes [53] [54] [55] . The reported minimum vitamin D concentration for reducing insulin resistance is 80 nmol/L [56] .
Depression-There is Level II evidence that vitamin D supplementation is effective in treating depression from four RCTs in which supplementation significantly reduced depression in vitamin D deficient depressed patients [56] [57] [58] [59] . The reported minimum 25OH-D concentration associated with reduced depression is 95 nmol/L [58] .
Dental disease-There is Level II evidence from a RCT for dental caries [60] . There is also evidence from the NHANES database showing that attachment loss (AL) is significantly and inversely correlated with serum 25-OHD concentrations in those aged over 50 years AL was lowest in individuals whose 25-OHD levels exceeded 84 nmol/L [61] .
Pain-There is Level II evidence for the efficacy of vitamin D supplementation in chronic musculoskeletal pain patients who are also vitamin D deficient [62] . An RCT in vitamin D insufficient non-Western immigrants in the Netherlands showed a clinically meaningful positive effect on pain 6 weeks after high-dose vitamin D supplementation [63] . No threshold level has been proposed.
Health service utilisation and costs-There is Level III-2 evidence that vitamin D deficiency increases health care utilisation and cost. A large study of health care costs in US veterans found that vitamin D deficiency predicted increased health care costs at all six participating sites [64] . Another study estimated that health care utilisation was 39% higher in vitamin D deficient patients [65] . Vitamin D supplementation may be more cost effective than currently funded prevention programs; single studies show that supplementation appears to be more cost effective than screening programs for bowel cancer [66] and more cost effective than multifactorial interventions for preventing falls in the elderly [67] . Considering the economic burden of disease due to vitamin D deficiency, the estimated benefit of increasing vitamin D status across Western Europe was said to be €187b per year [68] , calculated on a population basis the equivalent figure for Australia was $14b per year.
Summary of the Evidence
There is evidence for the efficacy of vitamin D (Table 2) : Level I for prevention of falls and premature mortality; Level II for prevention of diabetes, respiratory infections, cancer and for managing musculoskeletal pain and depression; Level III for health service utilisation, prevention of cardiovascular disease, musculoskeletal strength and dental disease. Evidence supports the contention that specific 25-OHD levels may be required to prevent disease, with higher concentrations required for non-skeletal disease. Table 2 shows the levels associated with lowest risk of the following diseases:
20-25 nmol/L for osteomalacia, and rickets, 50-60 nmol/L for osteoporosis, and fractures, 75-85 nmol/L for premature mortality cardiovascular disease, diabetes, and for treatment of depression and dental disease, 95-100 nmol/L for falls, cancer, and respiratory infections. 
Discussion
The evidence supports the following conclusions:
• The use of vitamin D supplements in the management of non-skeletal diseases is supported by; High level of evidence for reducing premature mortality, falls (Level I), Moderate evidence for reducing diabetes, respiratory infections, depression and some cancers (Level II), and a Lower level of evidence for preventing cardiovascular disease, and treating musculoskeletal pain and dental disease(Level III).
• The minimum level of 25-OHD required for preventing non-skeletal disease is higher than for skeletal disease.
• Economic evaluations indicate vitamin D supplementation reduces health service costs.
However there is still skepticism about the role of vitamin D in non-skeletal disease based on the IOM report [1] . Since this report there have been 12,000 vitamin D publications, including reviews showing increasing consistency in the evidence about efficacy and the therapeutic levels in non-skeletal disease [69] [70] [71] [72] . This evidence comes from research in different disciplines, study designs, and countries. Beyond this evidence, there are publications showing how the Bradford Hill criteria are satisfied in non-skeletal diseases [73] , and genetic evidence from the first randomized trial on gene expression demonstrating a "molecular fingerprint that help explain the non-skeletal health benefits of vitamin D" [74] .
There is currently considerable concern regarding the accuracy of serum 25-OHD measurements. While international efforts towards a standardisation program for this assay are making considerable progress, we have worked with the best available evidence that is currently available. We recognize that these ranges of 25-50 nmol/L for skeletal disease and 75-100 nmol/L for non-skeletal disease may change slightly when a standardisation program is fully implemented. However it is likely these diverse ranges for skeletal and non-skeletal disease will remain quite separate even after standardisation. This would be consistent with the hypothesis that the different ranges reflect different mechanisms or tissue dependence, as seen with other medicines, such as acetylsalicylic acid.
It is likely that an improved community vitamin D status would reduce health care utilisation and costs, and thus the economic burden of a wide range of chronic diseases. Adequately-powered, purpose-designed, randomised studies may provide greater certainty if baseline 25OHD is measured and adequate doses of vitamin D are used. Currently clinicians may accept the information provided pathology companies as to what constitutes a "target" 25-OHD level. Pathology companies generally suggest a wide target range, for example 60-160 nmol/L rather than specifically designate levels for deficiency and sufficiency, whilst the Royal College of Pathologists of Australasia is less specific, suggesting a level greater than 50 nmol/L for "optimal health".
There is concern about morbidity at high levels of 25-OHD raised by epidemiological studies, a retrospective cohort in general practice (CopD) [75] and a prospective community cohort study (NHANES III) [76] . They support the hypothesis of a reverse J curve indicating morbidity increases at higher levels of 25-OHD (140 nmol/L). The authors grant that these studies "did not allow inference of causality". Whereas meta-analysis of prospective cohort studies do provide Level I evidence of causality according to the NHMRC [22] . Three meta-analyses did not demonstrate increased mortality at higher levels of 25OHD [77] [78] [79] . A 28% reduction in mortality in the highest category was demonstrated in the largest study and largest meta-analysis performed to date [78] . These studies indicate there is conflicting evidence for an upper inflection point in a J shaped curve at "high" 25-OHD levels.
We hypothesise that just as vitamin D metabolism is tissue dependent, so the levels of 25-OHD that signify sufficiency are disease dependent. Thus the response to vitamin D supplementation is dependent on the baseline 25-OHD level, the dose of vitamin D and dose-response characteristics.
In the field of research, trials can be designed to minimise limitations of study design that lead to null outcomes knowing the range of serum 25-OHD in which changes in serum levels will lead to responses in specific body systems. This will also provide more clarity when assessing the effectiveness of vitamin D in different diseases, greater uniformity in the results of meta-analyses and less confusing guidelines.
In the field of health care, knowledge of the minimum therapeutic level for vitamin D will ensure clinicians can provide the correct dose and monitor it appropriately for treatment of specific diseases, and that policy makers have the opportunity to make evidence-based decisions about nutritional advice, supplementation, and fortification of food with vitamin D.
Further research to clarify the specific therapeutic levels for vitamin D sufficiency in different diseases and the dose response characteristics of vitamin D will ensure progress in research, clinical medicine, and public health.
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